The aim of this work is to investigate the properties of the PP/EVOH films for their potential use in the packaging industry. Besides, the barrier properties, the mechanical parameters and the morphology of the PP/EVOH films have been studied as function of their composition and the processing technique used for their manufacture. In these applications, the package is frequently in contact with humidity environments and for this, it is necessary to know how environments with different humidity contents, affect the O 2 permeability of the polymer material. For these reasons, the influence of the moisture in the values of permeability was evaluated too. The data showed that the oxygen transmission rate (O 2 TR) decreased with the amount of EVOH, and if the copolymer mass is maintained constant, the O 2 TR diminished with the quantity of the ionomer in the compositions. Besides, the films obtained by extrusion and following unidirectional stretching, presented better barrier properties to the oxygen molecules than the compression moulded films. When the ionomer is added to the compositions the permeability is reduced even for the films maintained in wet atmosphere. The micrographs obtained by SEM showed that the films have a biphasic structure, where the EVOH particles are dispersed in the PP matrix.
Introduction
The materials used in the packaging industry have special requirements, such as thermal and mechanical resistance, good optical properties etc. The polymers are very attractive for these applications because of their easy processing, low cost, low weight and different properties in comparison with the traditional materials (like glass or metal). The commodity plastics allow the exchange of low weight substances such as gases or vapour through them and hence they cannot be used in some applications where the barrier properties are especially important. An example of its use is in the packaged food, since the packaging must not allow oxygen, moisture and external flavours getting in, so that its shelf life is increased [1] [2] [3] [4] . The permeability of the polymer materials can be measured by the quantity of the mass exchanged between the packaging inside and the environment and it depends on intrinsic and extrinsic factors like cristallinity, chain rigidity, free volume, moisture, processing parameters or others.
Industrially, three different solutions are used to obtain suitable barrier materials: multilayer systems (by coextrusion or lamination) [5] [6] [7] [8] , blends with laminar morphology coating with high barrier polymers [9] [10] [11] and superficial treatments such as fluoration, sulfonation and metallization.
A commodity polymer in the packaging applications is polypropylene (PP), since it has good mechanical properties, low density, low cost and it is a material with a high barrier to moisture. One of its principal drawbacks is that it has a poor barrier to other gases like oxygen [12] [13] . Hence, in some applications, it has to be replaced by other polymers with better oxygen barrier properties as the ethylene vinyl alcohol copolymers (EVOH). The EVOH presents a low permeability to oxygen, carbon dioxide and hydrocarbons, but its properties are very sensitive to the moisture. In order to obtain better barrier properties, a common practice in industry is to use mulilayer systems; where a layer of a high barrier polymer is placed between two low cost material layers as PP. However, the recent investigations about this issue are focused toward polymer alloys, in which the properties of the blend components are synergistically combined so that certain homopolymer drawbacks and the cost/property ratio are minimized.
For all these reasons, polypropylene (PP) / ethylene vinyl alcohol copolymer (EVOH) blends have a great interest for the packaging industry. A great number of studies have been performed on them [14] [15] [16] [17] [18] where the need for a compatibilizer for the blends was proved. The ionomer Na + and ionomer Zn 2+ have been used as compatibilizers of these blends with excellent results as regards to mechanical properties [14] [15] .
The presence of hydroxyl groups in EVOH molecules confers an intermolecular and intramolecular high cohesive energy and a low fraction of free volume between the chains of the polymer. This fact is important for the exchange of low molecular weight substances. On the other hand, these hydroxyl groups are responsible for the hydrophilic properties of the material, such as their deficient barrier in humidity environments [19] .
The moisture increases the EVOH permeability due to the fact that intramolecular and intermolecular hydrogen bonds caused by the hydroxyl groups are interceptated by water molecules [20] [21] [22] . This interaction causes a decrease in the cohesion between chains and the free volume of polymer (plasticizing effect) is enhanced. In general, small amounts of absorbed water in polymers can induce important changes in their physical properties [23] .
The aim of this article is the study of the oxygen and water vapour permeability of the PP/EVOH films and PP/EVOH films compatibilized with an ionomer Na + . The films were extruded and after unidirectional stretching and compression-moulding in order to compare the effect of the processing in their barrier properties and in the morphology obtained by scanning electron microscopy (SEM).
The aim of this work is to investigate a new material with a potential use in the packaging industry. In these applications, the package is frequently in contact with humidity environments and for this, it is necessary to know how environments with different humidity contents, affect the O 2 permeability of the polymer material. For these reasons and since the EVOH copolymer has a hydrophilic character, the influence of the moisture in the values of permeability was evaluated too.
Moreover, mechanical properties of unidirectional stretched films and compression moulding films were compared in order to see the effect of processing technique in mechanical properties of materials.
Results and discussion
Barrier properties of extruded films -Oxygen transmission rate (O 2 TR) Figure 1 shows the values of the water vapour permeability for the PP/EVOH films and PP/EVOH films with different amounts of ionomer. The PP is an excellent barrier material against moisture and for this reason; a low value in water vapour permeability was expected. In the figure, it can be seen that for binary blends, the WVTR values are higher for the blends with a higher percentage of EVOH due to the poor moisture barrier of the copolymer. However, the WVTR values diminished for the compatibilized films. Again, the water vapour transmission rates achieved steady values in the films with 5% of ionomer Na Table 1 displays the values of oxygen transmission rate in compression moulded films. The lower O 2 TR value of compression-moulded PP film compared with the obtained values for extruded PP film is due to the higher thickness of compression moulded film.
Barrier properties of compression-moulded films
In binary blends, the O 2 TR diminished as compared with the values of PP pure, but a clear decrease of the values with the increase of copolymer amount was not observed.
With the addition of ionomer Na If the O 2 TR values obtained for extruded films and compression-moulded films are compared, it is observed that the extruded films have better O 2 barrier properties than the films obtained by compression moulding although the thickness of the last ones was greater. It seems that the orientation and consequently the shape of EVOH particles obtained during the extrusion is highly beneficial in order to reduce the O 2 TR values, since this orientation complicates the permeant molecules movement through the material and the diffusion of the oxygen molecules in the film is delayed.
The increase in the compatibility between both polymers when the ionomer is added enhanced this effect.
Effect of moisture in oxygen permeability of the extruded films
In Table 1 , the effect of moisture in the oxygen permeability values can be seen. The data summarized in Table 1 show that the oxygen permeability values were enhanced in wet films. Values close to dried PP pure were obtained by PP/EVOH extruded films. It is known that the transport properties of little molecules of gas (O 2 and CO 2 ) through EVOH, nylon and another hydrophilic polymer is affected by water presence in the polymer matrix. The water molecules absorbed by EVOH in environments with high relative humidity (RH) diminish the interassociation of their molecules. This fact causes a higher diffusion of permeants across to the polymer.
For the compatibilized blends the O 2 TR values decreased as compared with the data obtained for the corresponding binary blends. This fact shows that the effect of moisture is less in the compatibilized films where an important decrease in the O 2 TR values, even in humid environments, in comparison with dried PP pure was obtained. Besides, low deviation values were measured for the blends with a higher amount of compatibilizer. These effects can be explained by the ionic interaction between the Na + ions and the hydroxyl groups of EVOH copolymer. These bonds allowed improving the interfacial adhesion between the components, impeding the penetration of the O 2 molecules through the films. On the other hand, the electric interaction between the ionomer and the EVOH, prevents the plasticizing effect of the water in the film, since the bond between the water molecules and the -OH groups was impeded.
Density
The Table 2 shows the density values of PP/EVOH blends. The deviation values are written in brackets.
An important factor associated with barrier properties is the free volume [24] . The free volume is related with microcavities which are present in the polymeric materials. These cavities allow the permeants to diffuse easier through to the polymeric matrix. The permeant transport properties depend on the number and size of these microcavities. The V f can be determined directly by the expression;
where: V f is free volume, V is the specific volume of a polymer sample determined from density, V 0 is the specific volume at zero entropy (volume exclusively occupied by polymer chains).
According with this expression the density is directly related to free volume, an increment in the material density produces a decrease in its free volume. If the free volume is lower, the quantity of microcavities of the material is smaller, and hence the permeability of the material diminishes. For the polymer blends, the free volume is related with the differences between the material density and the density values predicted by the additive rule. These last ones are the measured values if there were not any microcavities into the material structure and hence, the free volume was zero. As the free volume increases the density values decreases and the differences between the experimental ones and the predicted ones from the additive rule are greater.
The Table 2 displays the density values measured for the PP/EVOH blends and the values calculated following the additive rule. The data show that the blends density enhanced with the amount of EVOH, if it was compared with the PP pure value. This fact is due to the higher density of the copolymer. The data obtained are near but lower than the predicted ones from the log-additivity rule as it is usual in immiscible blends. The differences between the ideal behaviour and the measured densities are higher for the samples with a greater EVOH amount, showing that the free volume increased as the EVOH content grows. With the ionomer addition, the density increased with respect to the data of the binary blends, obtaining values similar to the ideal behaviour (additive rule). These facts display a clear reduction in the free volume due to the compatibilization reached and the changes produced in the material morphology that will be commented later. The compatibilization of blends was improved with the higher percentage of ionomer, as was observed previously.
The free volume decrease with the compatibilization increase is one of the causes of the improvement in the barrier properties of the PP/EVOH films with a higher amount of ionomer. 
Mechanical properties of compression-moulded films
-Binary blends Figure 2 shows the stress-strain curves for the PP and EVOH and for the PP/EVOH films obtained by compression moulding. While the PP showed a ductile behaviour, the PP/EVOH blends are brittle materials, with a break point closer to the elastic limit. Higher EVOH amount still makes the blends more brittle.
The tensile properties for the compression-moulded specimens are summarized in Table 3 . The deviation standard values are shown between parentheses. The EVOH addition increased the material modulus at the expense of a severe decrease in the ductility of the blends, with the exception of the 60/40 composition. This behaviour was fairly usual in immiscible blends. An important decrease in the ε B value was observed in the 70/30 and 60/40 PP/EVOH blends. This is related to the bad adhesion of EVOH particles and the PP matrix. A slight improvement in the tensile strength with the amount of copolymer is observed, although this increase is probably due to the higher σ B value of the EVOH in comparison with the PP.
-Ternary blends
For the PP/EVOH films with ionomer, the mechanical properties practically remained constant, if we considered the standard deviation in the measurements. In general, the compatibilization was not similar in all the blends. The films are more rigid than PP film, but no significant changes occurred for the σ B and ε B . Table 3 shows that the added ionomer was not enough to obtain an effective compatibilization of the PP/EVOH blends since the films presented a similar brittle behaviour than the binary formulations The * data in Table 3 correspond to the mechanical parameters measured for the extruded films after an unidirectional stretching which have been reported from reference 4. If we compared the results for the two different processing techniques, we can observe that the effect of ionomer is greater in the extruded films [5] [6] [7] [8] . During the tests it was appreciated that the fracture was less brittle; at the same time the E values continued analogous to the binary blends.
Morphology by SEM
The micrographs corresponding to the fracture surfaces of extruded films for the binary blends (a, c, e and g) and for blends compatibilized with 10% of sodium ionomer (b, d, f and h) are displayed in Figure 3 . The binary blends are biphasic, and EVOH is dispersed into the PP matrix. The dispersed EVOH domains show an elongated shape due to the stretching process in the machine direction. As expected, the size of the dispersed structures increased with EVOH concentration in the blends. The EVOH particles underwent debonding on fracture since there are no particles upon the fracture surface.
Micrographs (b), (d), (f) and (h) show the compatibilized films with 10% of ionomer. The main effects of the compatibilizer on the film morphologies were that the size of the dispersed particles decreased upon compatibilization, and the fracture was progressively more cohesive. The EVOH particles appeared firmly bonded to the PP matrix, and this indicated an increase in the interfacial adhesion as a result of the compatibilizing effect of the ionomer. For the 70/30 and 60/40 PP/EVOH blends, it would be necessary to add a higher amount of ionomer, in order to reach the same morphology than for 90/10 and 80/20 PP/EVOH blends. In summary, the morphologies become more homogeneous in the compatibilized films. Figure 4 shows the fracture surfaces of compression-moulded films for the binary blends (a, c, e and g) and for blends compatibilized with 10% of ionomer (b, d, f and h). The binary blends micrographs show that the blends were biphasic in the same way as extruded film micrographs. The EVOH is dispersed across the PP matrix and the particles of EVOH have a globular shape, due to the absence of deformation during the processing. As expected, the size of the dispersed particles increased with EVOH concentration in the blends. Besides, the hollows which appear in the micrographs show a poor interfacial adhesion between PP and EVOH.
In the micrographs of the films compatibilized with 10% of ionomer, the amount of compatibilizer was enough in order to obtain more uniform morphologies in the 90/10 and 80/20 PP/EVOH formulations: a decrease in the size of EVOH particles and a better dispersion into PP matrix can be observed. However, for the 70/30 and 60/40 blends the 10% ionomer is insufficient to obtain a desirable morphology.
The data of Table 4 confirms this fact: in blends 90/10 and 80/20 (w/w) PP/EVOH, a 10% of ionomer reduces to half the diameter of EVOH particles. In the 60/40 PP/EVOH blend compatibilized with 10% ionomer, the size is the same as in the blend without compatibilizer. In the 70/30 blend at least 15% of ionomer is necessary to obtain an important decrease in the average size. In addition to the decrease of the particle size, the compatibilization produced more uniform morphologies. This can be seen if the intervals of the diameter measurements are observed (they are shown in the brackets). For the 90/10/10 films and 80/20/10 PP/EVOH/ion.Na + films the interval of the data is narrower than for the films with small amount or without compatibilizer. 
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Conclusions
In this paper, the barrier properties, the mechanical parameters and the morphology of the PP/EVOH films have been studied as function of their composition and the processing technique used for their manufacture.
The oxygen permeability of The PP/EVOH films compatibilized with sodium ionomer, decreased drastically with respect to the PP films and they kept the moisture barrier values of the pure polyolefin. Although the two processing techniques studied obtained good oxygen barrier properties, the more effective technique was the extrusion and after unidirectional stretching of the films. The elongated shape of the EVOH domains and the reduction of its size in the compatibilized extrusion-moulding films, observed in the SEM micrographs, were suitable to achieve acceptable mechanical properties in addition to the good barrier properties with low quantities of copolymer and ionomer. Nevertheless, the amount of ionomer added to the blends was not enough to obtain good mechanical properties for the films prepared by compression-moulding. The EVOH addition and compatibilization of the blends reduced their free volume making the transport of oxygen molecules difficult even in humid environments.
Experimental part
Materials
All materials employed in this work were commercial products. The polymers were chosen with an adequate MFI for extrusion process.
An extrusion-grade of polypropylene (PP) (Isplen PP044W3F) synthesized by REPSOL-YPF was used. Its melt flow index (MFI) was 3.0 g/10 min (230 ºC, 2160 g), and its density is 0.9 g/cm 3 .
The ethylene vinyl alcohol copolymer (EVOH, grade: F101B), from EVAL Europe (Kuraray Company Ltd, Kuroashiki, Japan), had an ethylene concentration of 32.9 %, MFI of 6.3 g/10 min (230 ºC, 2160 g), and a density of 1.2 g/cm 3 .
Ionomer Na + (Surlyn resin 8528), from Du Pont (Wilmington, DE) was a random ethylene/methacrylic acid copolymer partially neutralized with sodium. It had a MFI of 1.1g/10 min. (190 ºC, 5000 g) and a density of 0.9 g/cm 3 .
Mixing and films preparation
Before the processing, EVOH and the ionomer Na + were dried in a vacuum oven for 24 h. at 80 ºC and for 8 h. at 60 ºC, respectively. Blends of PP/EVOH and PP/EVOH/ionomer Na + were prepared with a corotating twin-screw extruder (DSE-20; C.W. Brabender Instruments, South Heckensck NJ) operating at 45 rpm. The barrel temperature was 215 ºC, and the die temperature was 220 ºC. The temperatures were selected to avoid the thermal degradation of the materials during the processing. All the components were premixed by tumbling and then they were simultaneously fed into the twin-screw struder.
Binary blends were prepared in the following proportions 90/10, 80/20, 70/30 and 60/40 (w/w) PP/EVOH. The ternary blends were made by the addition of different amounts of ionomer Na + (2-20% in mass in relation to EVOH mass).
For the preparation of the extruded films, a Brabender DSE-20 twin-screw extruder with a flat die was used (the barrel and die temperature were 200 ºC). The melted polymer was cooled on a chilled roll and stretched in the machine direction. The chilled roll was kept at 70 ºC with a rotation speed of 5.5 rpm. The thickness of the extruded films was 85 5 m
Rehumidification of samples of PP/EVOH and PP/EVOH compatibilized with different amounts of ionomer, were carried out at 25 ºC and in an environment with a relative humidity (RH) of 97% at equilibrium. Slushes of KNO 3 were used to provide constant water activity and to obtain a RH of 97%. Beakers (100 ml) containing salt slushes were placed into 1-L air-tight glass jars. The samples of the binary and compatibilized blends were placed over beakers containing salt slushes. The samples stayed in the jars for more than four weeks. After that period they reached the equilibrium with their surroundings, and then the oxygen permeation test was performed.
The compression-moulded films were produced from pellets of binary and ternary PP/EVOH/ión Na + blends in a hot press at 210 ºC applying a pressure of 200 bar for 3 minutes. The thickness of the compression films obtained was 180 5 m
Methods
Tensile tests were performed at a crosshead speed of 100 mm/min and at 23 ºC using an universal testing machine Instron 5566 according to DIN 53457. The tensile specimens were cut to 150 mm length and 15 mm of width.
The oxygen transmission rate (O 2 TR) of the PP/EVOH films was measured using a MOCON Oxtran 2/20 Instrument (Modern Controls, Minneapolis, MN), in accordance DIN 53380. Two different experiments were performed at 23 ºC and 0% of RH and at 23 ºC and 97% of RH. During the preparation time period, the film was placed between the two halves of the permeability cell and flushed with the carrier gas (nitrogen) to remove traces of oxygen from the cell. Then, the oxygen was introduced into the cell at atmospheric pressure. Permeated oxygen was carried away from the downstream surface of the film by the carrier gas to a coulometric sensor to quantify the O 2 TR. At least six samples of each film were measured and the average value and the standard deviation were reported. A scanning electron microscope (SEM, Hitachi S-2700) was used to obtain the morphologies of the blends at an accelerating voltage of 15 kV. Previously, the samples were freeze-fractured using liquid nitrogen and then sputter-coated with a thin layer of gold. Cryofractured surfaces were examined at a tilt angle of 30º.
